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Feruloyl esterases are a subclass of the carboxylic ester hydrolases (EC 3.1.1.1) which hydrolyse ester linkages between hydroxycinnamates and sugars. These types of ester linkage are found in a wide variety of plant cell walls [ 11. The feruloyl esterase activities reported to date are predominantly microbial (Table l) , and these types of enzymes are secreted by several species to facilitate breakdown of the plant cell wall as a food source. Although there are many types of esterase, the unique feature of the feruloyl esterases is their specificity for hydrolysis of hydroxycinnaAbbreviations used: FAE, feruloyl esterase; CinnAE, cinnamoyl hydrolase from Aspeypillus nigev; E'AXX, (1 -+S)-i.-arabinofuranose; AE, acetylesterase; pCAE, p-coumaroyl esterase; MFA, methyl ferulate; CEH, cinnamoyl ester hydrolase. 'To whom correspondence should be addressed. and 2 x lo-' M for some substrates).
Substrate specificities
Feruloyl esterases have been isolated, purified and characterized from Aspergillus n k e r [2] , Streptomyces olivochromogenes [3] , Neocallimastix [ 41, Pseudomonas fluorescens [ 51, Penicillium pinophilum [6] , Aspergillus awamori [ 71, Aspergillus oiyzae [8] , and Butyrivibiio jibrisolvens E l 4 [9] (Table 1) . Feruloyl esterase (FAE)-I and FAE-I1 from A. niger were from a commercial preparation of 'pectinase' and are probably proteolytically modified or closely related forms of cinnamoyl esterase (CinnAE) and FAE-111 respectively [2, 10, 111 . Many other organisms have been shown to secrete feruloyl esterases [12] . Not all of the purified enzymes have been tested with the appropriate substrates to indicate their specificity. However, the activities described in all cases are the release of free ferulic acid (or other hydroxycinnamic acid such as p-coumaric acid) by hydrolysis of an ester bond. In the absence of a definitive test, this is currently the best criterion. The situation will become clearer as more feruloyl esterases are cloned, and sequence homologies become apparent. A substrate which has been used extensively to assay for many esterases is a p-nitrophenyl ester, either with acetate or butyrate [2] . This type of substrate is only useful as an analytical tool, and kinetics are characterized by a high K,.
The ester bond is particularly labile in these substrates because the nitrophenyl moiety is a very good leaving group, and some non-enzymic hydrolysis occurs under normal assay conditions. Activity of esterases can be represented as a ratio of specific activities of a preferred substrate to a p-nitrophenyl ester. Feruloyl esterases exhibit a higher ratio for phenolic esters/feruloylated oligosaccharides as substrates compared to nitrophenyl acetate than other esterases. The following is the methyl ferulatelp-nitrophenyl acetate ratio of specific activities for three esterases: A. niger CinnAE, 14; A. niger FAE-111, 0.72; P. fluorescens AE, 0.16.
Substrates for feruloyl esterases are effectively two components joined by an ester bond: the phenolic component and the sugar moiety. Specificity for both of these components defines the overall catalytic rate of the reaction. The selectivity for each component of the substrate will be discussed separately.
Substrate specificities: the phenolic moiety
Methyl esters of phenolic acids, in which the sugar moiety in the 'naturally-occurring' substrate is replaced by a methyl group, have been used extensively as tools to examine the activities of feruloyl esterases (see Table 1 ). The advantages of these substrates are 3-fold: (i) they are relatively easy to synthesize, whereas the synthesis of ferulic acid ester linked to selected positions on sugars is exceptionally difficult; (ii) a wide variety of phenolic esters can be made to facilitate structure/catalysis studies; and (iii) they can be used as substrates during purification, because activity on the 'natural' highly polymerized substrates decreases dramatically because of removal of accessory enzymes such as xylanases. Using a wide range of methyl esters of phenolic acids, the specificities of CinnAE and of FAE-I11 from A. niger were determined [13] . Only two substrates (methyl ferulate and methyl 4-hydroxy-3-methoxyphenyl propionate, similar to methyl ferulate but with a saturated rather than unsaturated aliphatic side chain) out of a total of 19 compounds tested were substrates for both CinnAE and FAE-111. The other 17 methyl phenylalkanoates indicated an intriguing pattern. A substrate for CinnAE was not a substrate for FAE-111, and vice versa. The complementary activities of the two enzymes demonstrates that the active centres of each enzyme must be very different, at least for recognition of the phenolic moiety. Substrates with different aliphatic chain lengths were also employed. Lengthening or shortening of the chain relative to ferulic acid completely abolished activity for both enzymes, which indicates that a fixed distance is required between the putative phenolic binding site and the hydrolytic residues on the enzymes.
Substrate specificities: the sugar moiety
The specificity of feruloyl esterases for the sugar portion of the substrate is more difficult to examine systematically, because a much more limited number of substrates is available. Substrates (feruloylated oligosaccharides) are usually obtained by limited hydrolysis of plant cell walls, using either acid conditions or enzyme mixtures
The best characterized substrate derived from a plant cell wall is FAXX; this compound is readily hydrolysed by FAE-111 from A. niger with a K, of -6 pM, which compares to a K, of -700 pM for methyl ferulate (Table 1) . This shows that the sugar moiety has a large influence on the apparent affinity as expressed by the K,,,.
Comparison with other substrates gives further information about the possible existence of sugar sites on these enzymes, and the importance of the position of attachment of the feruloyl group to the sugar. A feruloyl group can be attached to the C-2 or C-5 position of arabinose depending on the source of the starting material [14] (Ara,F, Figure 1 ). FAE-111 is highly active on C-5 linkages in Ara,F, but inactive on C-2 linkages [15] . The reasons for this specificity remain to be elucidated and may be found when crystallographic data become available. with arabinosyl residues at 0-2 and/or 0-3 positions of xylose sugars [16] . These substitutions have a marked effect on the physical characteristics of the polymer. Furthermore, some of the arabinose residues are substituted with ferulic acid groups, which are linked by an ester bond. In some species, especially grasses, the ferulic acid can be substituted with a p-coumaric acid [ 171. Hemicellulose is strengthened by crosslinking of the feruloyl groups to form diferulic acid which covalently cross-links polysaccharide chains. This not only increases the physical strength of the cell but also restricts enzyme digestibility [ 181. Saprophytic and plant pathogenic micro-organisms secrete enzymes to break down the hemicellulosic component of the plant cell wall, but the substrate is cross-linked and insoluble. A limited number of ferulic acid esterases are able to hydrolyse some ferulic acid directly from the insoluble hemicellulose fraction of, for example, a cereal bran; FAE-I11 exhibits a very respectable specific activity of 3 ,umol/min per mg on de-starched wheat bran [lo] . However, the activities of all of the feruloyl esterases tested to date are dramatically increased in the presence of a xylanase. Xylanases are endo-acting enzymes which hydrolyse p-1,4-xylan linkages, but the action of many xylanases is inhibited by arabinosyl substitutions [ 191. Xylanase action releases soluble feruloylated oligosaccharides, which are then very good substrates for feruloyl esterases. In addition, the presence of a feruloyl esterase also increases the action of the xylanase on the arabinoxylan (Figure 2 ). This type of synergistic interaction is termed reciprocal co-operation.
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Interaction with other plant cell wall degrading enzymes
Degradation
Degradation of pectins
Some pectins in plant cell walls are esterified with ferulic acid. A high concentration of ferulic acid is found in sugar beet cell walls [ZO] . CinnAE is secreted by A. niger by growth on sugar beet pulp [ l l ] but is only able to release 0.88% of the total ferulic acid even in long incubations [Zl] . A striking synergy is observed in the presence of two enzymes that can solubilize the pectin components of the cell wall. This synergistic interaction requires the presence of both arabinofuranosidase and arabinanase: no significant enhancement of CinnAE activity is seen with individual enzymes [Zl] . The substrate Ara2F is derived from sugar beet pulp and consists of ferulic acid 1,2 ester linked to arabinose which is in turn 1,s linked to another arabinose; it is a suitable model substrate to test for activity on 1,2 feruloyl ester linkages. CinnAE shows a high activity on this substrate, whereas FAE-111 does not (Table 1) .
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Figure 2
Increase in the rate of catalysis of xylanases by the presence of a feruloyl esterase 
Applications for feruloyl esterases
Feruloyl esterases show intriguing differences in substrate specificity and the molecular mechanisms which give rise to this are interesting in their own right. However, the main reason for the recent increase in interest in these enzymes is their potential applications. Ferulic acid is an important precursor in the flavour industry, and has multiple uses as a W protecting agent in sun creams, cosmetics and even golf clothing. Feruloyl esterases can be used to selectively remove ferulic acid from agro-industrial waste products by an 'environmentally friendly' process. T h e resulting ferulic acid is classified as natural by regulatory authorities. Further, many food processes involve ferulic acid, although the associated mechanisms are far from clear. For example, baking is thought to involve an important but as yet unknown role for ferulic acid in the formation of cross-links in the dough. There is no doubt that applications for feruloyl esterases, together with a better understanding of the mechanism of action, will be a future growth area in scientific research.
